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A B ST R A C T

A  lim ita tion  o f current gene therapy  efforts a im ed  a t centra l nervous system  d isorders  concerns  d istr ibution

of vectors  on  d irect in jection  in to  neura l tissue . H ere  w e  have  c ircum vented  th is p rob lem  b y transferr in g gen es

to  the m en inges surrounding  the sp ina l cord , ach iev ing  an  in  v ivo gene tran sfer  p arad igm  for treating  chron ic

pa in . T he therapeu tic vector consisted  o f a  recom bin an t adenoviru s encod ing  a secreted  form  of the potent

endogenous  op ioid  b -end orphin . In  an  in flam m ation  m odel o f pers istent pa in , adm in istration  o f the  vector

in to  the  cerebrosp ina l flu id  (C S F) surrounding  the sp ina l cord  transd uced  m eningea l p ia  m ater  ce lls. T he  re-

su lting  increase in  b -endorphin  secretion  a tten uated  in flam m atory hypera lgesia , ye t h ad  n o e ffec t on  b asal

noc iceptive responses . T h is dem onstration  o f a  gene  transfer approach  to  pa in  treatm ent can  be genera lized

to  neurodegenerative  d isorcers  in  w hich  broad  spatia l d istr ibu tion  o f therapeutic e ffec t is critica l.
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O V E R V IE W  SU M M A R Y

O n e  o f th e  u n d era p p rec ia ted  a sp ec ts  th a t lim its vira l g ene

th erap y  in  th e C N S  co n cern s in ad eq u ate tissu e d istrib ution

o f v ira l v ec to rs. A  no v e l a p pro a ch  is  p rese n ted , in  w h ich  a

th erap eu tic p ro d u ct  is  d e livered  a cco rd ing  to  a m en in g ea l-

p a ra crin e p a ra d igm . A s  a tes t  ca se, ad en ov ira l d e liv ery  of

a  b -en d orp h in  g en e  to  m en in g ea l ce lls surro un d in g  the

spin al co rd  sp ecifica lly  red u ced  ch ro nic  p a in  b eh av ior  in  a

rat  m o d el. In  term s of  p a in  con tro l at  th e  sp in a l lev e l, th is

a p pro a ch  to  p ain  g en e th erap y  is  ea si ly  ap p lied  a s a n  o u t-

p a tien t th era p y b y  lu m b a r p u n ctu re . T h e  clin ica l u tility  o f

th is m en ing ea l-p a racr in e  ap p ro ach  is  b ro a d ly  a p plica b le  to

o th er C N S  d iso rd ers  in  w h ich  large  a rea s  o f bra in  t issu e

a n d/o r larg e  n u m b ers  o f d istr ib u ted  n eu ro n s m u st  b e  a f-

fec ted , su ch  a s  P a rk in so n ’ s  o r  A lzh e im er ’ s  d ise a se , o r a m y o -

tro p h ic  la tera l sclero sis.

IN T R O D U C T IO N

C
O N T R O L O F C H R O N IC P A IN is a worldwide public health prob-

lem  (B onica, 1990; W all and M elzack 1994; Gureje et al.,

1998). M any disease processes and traum atic injuries can lead

to a lifetim e of unrem itting severe pain. Current treatm ents of-

ten fall short of therapeutic goals and can eventually involve

procedures that are invasive or associated with unacceptable

side effects. In  neuropathic pain after nerve injury , pain is

poorly controlled by currently available m ethods. In  cancer

pain, intravenous or oral m orphine is only partially effective,

and is accom panied by debilitating side effects such as consti-

pation, sedation, and respiratory  depression. Furtherm ore, its

practical use is often lim ited by concerns about addictive prop-

erties (B onica, 1990; W all and M elzack, 1994; Am erican Pain

Society, 1995; Bernabei et al., 1998; Gureje et al., 1998; Ing-

ham  and Foley, 1998). A ttem pts to localize delivery  of opiates

in order to reduce side effects include both m echanical and cel-

lular approaches. Catheters can be im planted into the sub-

arachnoid space and connected to infusion pum ps, but are

costly, difficult to  m aintain, and present an infection risk. Spinal

grafts of clonal cell lines (W u et al., 1994; Beutler et al., 1995)

or xenografts of prim ary tissue (Sagen, 1998) have also been

proposed, but are constrained by issues of control, m aintenance,

and invasive surgery .

One way to circum vent such issues and provide long-term

pain control is to  directly m odulate pain through in vivo gene

transfer (Iadarola et al., 1997; Jacoby et al., 1997; Anderson,

1998). In  this article we focus on gene transfer intervention in



the spinal cord , because pain from  a broad spectrum  of disor-

ders can be controlled at this level of the central nervous sys-

tem . Previous studies on direct intraparenchym al injections of

adenoviral vectors (A d-lacZ) expressing a lacZ transgene re-

sulted in nonuniform  distribution of transgene expression and

lim ited spread of expression in neural tissue (M annes et al.,

1998). This is a general problem  in gene delivery to the cen-

tral nervous system , and in particular is a problem  in pain treat-

m ent. Since prim ary afferent nociceptive (pain) neurons from

a given region of peripheral tissue innervate several spinal seg-

m ents, m ultiple injections are required to achieve a significant

anti-pain effect.

In  contrast to intraspinal injections, intrathecal delivery  of

Ad-lacZ into the cerebrospinal fluid (C SF) surrounding the

spinal cord  did not yield viral access to  cells of the spinal cord

itself, but rather to cells of the pia m ater, the m eningeal layer

directly apposed to the spinal cord (M annes et al., 1998). The

pia m ater thus provided a highly accessible target tissue for

gene transfer using a m eningeal-paracrine secretory  approach.

b -Endorphin is a neuropeptide w ith known pain-suppressing

properties in  hum ans and anim als (Y aksh and Henry, 1978;

Oyam a et al., 1980; M ax et al., 1985). Secretion of b -endor-

phin peptide from  nonneural cells is efficiently directed by ad-

dition of a heterologous prepro-sequence from  the nerve growth

factor gene (B eutler et al., 1995). The approach in the present

report integrated these three sets of observations for therapeu-

tic delivery  of b -endorphin to the spinal cord via the pia m ater.

G iven the ease of access to  the pia m ater, our strategy for func-

tional intervention w as to control neuronal excitability by local

secretion of a neurom odulatory peptide, b -endorphin.

M A T E R IA L S A N D  M E T H O D S

Vector construction

A fusion gene (B eutler et al., 1995) consisting of the nerve

growth factor prepro-sequence fo llow ed by the b -endorphin

peptide was ligated into the EcoRI±BamHI restriction sites of

pACCM V.pLpA (B ecker et al., 1994). The resulting recom bi-

nant adenoviral vector (first-generation, replication-deficient

Ad5) containing the expression cassette was concentrated and

purified. The titer of the final viral preparation was determ ined

by absorption spectroscopy for particle num ber (5 3 101 1 /m l)
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F IG . 1 . A denoviral vector-directed expression of secreted b -endorphin from  cells cultured in vitro . (A ) Structure of Ad- b -en-

dorphin vector. An Ad5 recom binant (adenovirus sequences are  hatched, m ap units indicated) expresses a fusion betw een a nerve

growth factor prepro-sequence and b -endorphin ( b -e), under control of the cytom egalovirus prom oter (open arrow) and polyadeny-

lation sequences (A )n . Sequences (gray) directing cleavage by prohorm one convertases (arrow) bridge the fusion gene. (B ) Pro-

duction of b -endorphin by bovine sm ooth m uscle cells transduced by Ad- b -endorphin. M edium  from  cells incubated with indi-

cated concentrations of virus w as assayed for b -endorphin by radioim m unoassay. b -Endorphin levels at 3 days (open circles,

dotted line) and 7 days (filled squares, solid line) postinoculation are  plotted and superim posed by curves fitted to  hyperbolae.



or infection of HEK 293 cells (4 3 109 plaque-form ing units

[PFU]/m l).

C ell culture

Bovine sm ooth m uscle cells (A G08595A; Coriel Institute,

Cam den, NJ) were grown to confluence (3.8 3 106 cells per

well) in  11-m m  dishes, w ith daily changes of m edium . V arious

concentrations of Ad- b -endorphin were added to wells and the

m edium  was sam pled on days 3 and 7 postinoculation.

b -E ndorph in  rad io im m unoassay

b -Endorphin levels in  the cell culture m edium  and rat CSF

were determ ined by radioim m unoassay (N ichols Institute D i-

agnostics, San Juan Capistrano, CA). For sam pling of rat CSF,

a 27-gauge hypoderm ic needle attached to a syringe with no

hub or a clear hub (essential for visualization of CSF with-

drawn) was inserted into the cisterna m agna and approxim ately

100 m l of CSF was rem oved. CSF or cell culture m edium  was

boiled in water, clarified by centrifugation (12,000 3 g , 5 m in),

and stored frozen at 2 70°C until assay.

H istological m ethods

After perfusion with 4%  paraform aldehyde (but no postper-

fusion fixation), reaction of 2-m m -thick coronal slices of brains

or sections of spinal cord w ith 5-brom o-4-chloro-3-indolyl- b -

D -galactopyranoside (X -G al, pH  7.3, 1 m g/m l at 37°C (Shim o-

ham a et al., 1989) dem onstrated a blue reaction product w ithin

15 m in, which was com plete by 2 hr.
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F IG . 2 . In  vivo gene transfer and production of b -endorphin. (A ) X -G al histochemistry of a coronal section of a rat brain 2

days after injection of Ad-lacZ and Ad- b -endorphin into the lateral ventricle. Note the blue product in  ependym al cells of the

lateral (arrow) and third (arrowhead) cerebral ventricles. Som e staining of the needle track is evident in  the cortex. (B ) Dose re-

sponse of A d- b -endorphin in vivo (open circles). Various am ounts of Ad- b -endorphin injected intracerebroventricularly (i.c.v.)

directed secretion of b -endorphin, which was m easured in CSF collected 2 days postinjection. Levels of b -endorphin in CSF

from  naive rats are  indicated by a filled square. (C ± E ) In trathecal adm inistration of Ad-lacZ. A t 3 days postinjection, spinal cords

stained with X-G al were viewed in three ways: (C ) whole-m ount view  of dorsal aspect of spinal cord w ith intact pia m ater; (D )

after separation of the pia (b lue stain, right) from  the spinal cord  itself (no stain, left); and (E ) transverse section, tilted to visu-

alize both the blue pia expression and the lack of stain in  the parenchym a of the spinal cord . See (C ) for b -endorphin secretion

into CSF after intrathecal injection of Ad- b -endorphin.



In  vivo m ethods

Anim al experim ents were perform ed in accordance with Na-

tional Institutes of Health Anim al Care and Use Com m ittee

guidelines. For intracerebroventricular injections, virus stock

solution was diluted into 50 m M Tris (pH 7.4), 10%  glycerol,

10 m M M gCl2 and infused into the left lateral cerebral ventri-

cle (10 m l over 10 m in). The sam e viral solution was infused

intrathecally (10 m l over 2 m in) through a PE-10 catheter. The

catheter was inserted through an incision in the cisterna m agna

and advanced 3 cm , to  approxim ate the rostral extent of the

spinal cord segm ents innervated by the hindpaw (the peripheral

site tested for nociceptive responses). Inflam m ation was in-

duced by subcutaneous injection of 2 m g of carrageenan (type

IV , C-3889; Sigm a, St. Louis, M O) in a volum e of 0.15 m l of

phosphate-buffered saline (PBS) into the plantar surface of one

hindpaw (200 to 300-g m ale Sprague-Dawley rats). After in-

flam m ation, there was no difference in edem a (paw thickness)

between Ad- b -endorphin rats and controls (both increased by

approxim ately tw ofold). A  radiant therm al test in  unrestrained

rats (H argreaves et al., 1988) was used to assess nociceptive

responses by paw withdrawal latency. The observer was blinded

as to  the virus (control or Ad- b -endorphin) injected.

R E SU L T S

Secre tion of b -endorphin  in  vitro and in  vivo

Transgene expression from  a recom binant adenoviral vector,

nam ed Ad- b -endorphin (F ig. 1A), was controlled by a consti-

tutive viral prom oter. Secretion of b -endorphin from  cells cul-

tured in  vivo with Ad- b -endorphin increased with tim e and vec-

tor concentration from  a m inim um  of 0.004 pm ol/m l m edium

(0.5 m illion PFU /m l m edium  at 3 days) to  a m axim um  of 3.5

pm ol/m l m edium  per day at 7 days postinoculation (F ig. 1B),

suggesting that such secretion m ight be sufficient to affect neu-

ronal function in  vivo .
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F IG . 3 . Nociceptive behavior of rats in a carrageenan m odel of inflam m atory pain. Three days prior to the pain test, rats were

infused intrathecally over 2 m in with 101 0 particles of Ad- b -endorphin (filled squares) or Ad-lacZ (open circles), in  a volum e of

10 m l. (A ) A ttenuation of hyperalgesia by Ad- b -endorphin. Peripheral inflam m ation (H argreaves et al., 1988) induced hyperal-

gesia in  one hind paw of rats injected intrathecally w ith Ad-lacZ. A  significant prolongation of latencies in  Ad- b -endorphin-

treated rats was observed (data pooled from  12±27 anim als, p , 0.005, tw o-tailed t test, indicated by asterisks) during the in-

flam m ation test period. (B ) Noninflam ed paw withdrawal latency after injection of Ad- b -endorphin. No significant difference

between control and Ad- b -endorphin groups was observed (linear regression analysis). (C ) b -Endorphin m easurem ents from  cis-

ternal CSF of anim als injected intrathecally w ith control or Ad- b -endorphin viruses. CSF was drawn 7 days postinjection to al-

low cisternal wound healing. Inset: A trend (p , 0.08) betw een increased paw w ithdrawal latencies and b -endorphin was ob-

served after intrathecal adm inistration of Ad- b -endorphin.



In troduction of the virus into the lateral ventricle of rats (in-

tracerebroventricular injection) allowed determ ination of the

ability of the virus to  secrete b -endorphin after in  vivo gene

transfer to  ependym al cells lining the cerebral ventricles. The

extent of gene transfer to  ependym al cells was visualized by

coinjection of Ad-lacZ (B ecker et al., 1994) and detection of

the transgene product by X-G al histochem istry (F ig. 2A) and

im m unocytochem istry (not shown). Both techiques dem on-

strated cells strongly positive for the transgene product in  the

ependym al layer. This layer form ed a barrier to  virus penetra-

tion into brain, since little or no expression occurred in neurons

or glia beyond the ependym al layer (Fig. 2A; noted also in  Ba-

jocchi et al., 1993). In jection of Ad- b -endorphin produced a

rapid, vector dose-dependent increase in  CSF b -endorphin. As

soon as 24 hr postinjection, the am ount of b -endorphin secreted

into the CSF reached 0.3 pm ol/m l w ith 200 m illion PFU of

virus, the m axim um  am ount injected (F ig. 2B). Three days af-

ter intracerebroventricular injection, the level increased to 0.6

pm ol/m l. These levels represent a 10- to  20-fold increase over

norm al b -endorphin levels in  hum an or rat CSF, 0.01±0.03

pm ol/m l (K iser et al., 1983; Nakao et al., 1980).

In trathecal injections rostral to  the lum bar spinal cord  were

used to assess viral spread and transgene expression. Three days

after intrathecal Ad-lacZ injection, the spinal cord  was rem oved

with pia m ater attached and stained for transgene expression.

Expression was observed in cells of the pia m ater (F ig. 2C±E)

but not of the spinal cord  itself (F ig. 2D  and E), evident after

rem oval of the pia m ater (F ig. 2D) or transverse section (Fig.

2E). The expression spread 2±3 cm  in the rostral±caudal di-

m ension. In  anim als injected intrathecally w ith Ad- b -endor-

phin, CSF b -endorphin content, sam pled from  the cisterna

m agna, was 0.2 pm ol/m l at 7 days and returned to endogenous

levels (0.03 pm ol/m l) by 15 days. The cisterna m agna is ante-

rior to the catheter tip and m ay not be the optim al site for sam -

pling secretion from  spinal pia m ater, and thus these data m ay

represent an underestim ate of b -endorphin secretion. D ata also

suggest that transgene expression peaked betw een 3 and 7 days

and waned after 15 days, a tim e course sim ilar to  that observed

by other investigators (B ajocchi et al., 1993; M annes et al.,

1998). These data dem onstrate secretion from  both ependym al

and pia m ater cells.

Effec t of b -endorphin on pain  in  ra ts

On the basis of these data, the ability of Ad- b -endorphin to

attenuate nociceptive (pain) responses in the peripheral in-

flam m ation m odel was exam ined following gene transfer to  the

spinal pia m ater. To control for nonspecific effects of the viral

vector, Ad-lacZ was injected intrathecally. Baseline therm al no-

cicpetive tests in unrestrained rats prior to  inflam m ation indi-

cated that paw withdrawal latencies to a radiant therm al stim -

ulus were 8.7 6 2.6 sec for Ad-lacZ, and 8.9 6 2.5 sec for

Ad- b -endorphin (m ean 6 standard error; N 5 33 for each

virus). In the control group, inflam m ation of one hind paw pro-

duced a m arked decrease in  w ithdrawal latency (e.g., to  2.3 6
0.7 sec at 3 hr postinflam m ation), an indication of hyperalge-

sia. In jection of Ad- b -endorphin significantly attenuated the hy-

peralgesic response at each tim e point tested (1 , 3, and 4 hr;

Fig. 3A). Because the prim ary afferent inputs are lateralized,

the inflam m ation affects only one side of the rat and the con-

tralateral, noninflam ed, paw of these anim als serves as an in-

ternal control for nonspecific or generalized effects on noci-

ceptive responses. Latencies of this control paw rem ained con-

stant during the period of behavioral testing for both control

(A d-lacZ) and Ad- b -endorphin groups (Fig. 3B). This indicated

a lack of toxicity or nonspecific pharm acological effects from

either virus, em phasizing that the effect of b -endorphin was ob-

served only during neural activation by inflam m ation of the pri-

m ary afferent.

Anim als injected w ith Ad- b -endorphin exhibited signfi-

cantly higher levels of b -endorphin than did control Ad-lacZ

anim als (F ig. 3C; 0.17 6 0.04 versus 0.037 6 0.007 pm ol/m l;

p , 0.007 by t test). A lthough we were unable to  obtain CSF

from  all anim als tested, a trend in the degree of antihyperalge-

sia (m easured 3 hr postinflam m ation) and increased b -endor-

phin levels was apparent in  the Ad- b -endorphin group (F ig. 3C,

inset; r2 5 0.42, p , 0.08). These data provide further support

for the hypothesis that secretion of the transgene product specif-

ically affected hyperalgesic responses seen with persistent pain.

Adm inistration of naloxone, a specific opioid antagonist,

tested the hypothesis that the antihyperalgesic actions of Ad- b -

endorphin were due to an opioid m echanism . For this experi-

m ent, tw o groups of 18 anim als, one injected intrathecally w ith

Ad-lacZ and the other w ith Ad- b -endorphin, were inflam ed as

in Fig. 3A  with carrageenan for 3 hr. Therm al testing of these

anim als confirm ed that the Ad- b -endorphin group was less hy-

peralgesic than the control group (F ig. 4). A t this point, nalox-

one was delivered system ically. Determ ination of paw with-

drawal latencies 40 m in after naloxone revealed that the

antihyperalgesic effect of Ad- b -endorphin was reversed (p ,
0.04, one-tailed t test; Fig. 4). Thus, an opioid receptor m ech-

anism  attenuated the antihyperalgesia due to Ad- b -endorphin.

D ISC U SS IO N

The m ethod of gene transfer to nonneuronal cells to  affect

neuronal function, described here, is a highly accessible para-
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F IG . 4 . Naloxone attenuation of Ad- b -endorphin-m ediated

anti-hyperalgesia. 3±4 hours post inflam m ation, naloxone (2

m g/kg, intraperitoneal) was injected and latencies re-m easured

after an additional 40 m in to allow drug dispersal (N 5 18).



digm  for gene therapy approaches to  central nervous system

disorders. This paracrine paradigm  has tw o key advantages for

functional gene therapy. The first is the nonneuronal m eningeal

target, which provides for both a sim ple route of adm inistration

and allows m anipulation of neurobehavioral function. The sec-

ond key feature is spatial distribution of vector and secreted

transgene product. Ad-lacZ spreads w idely w ithin the intrathe-

cal space (Fig. 2D), dem onstrating that the vector can distrib-

ute enough to m odulate excitability over a m ultisegm ental do-

m ain arising from  prim ary afferent branching. This in  vivo

approach m ay need to be perform ed only once, w ith im prove-

m ents in  vector design for long-term , regulatable expression

(R ivera et al., 1996; A-M oham m adi and Hawkins, 1998; Her-

m ens and Verhaagen, 1998; Saitoh et al., 1998). This contrasts

with intrathecal drug pum ps, which require ongoing m ainte-

nance and pose an infection risk. Opioid genes m ay also be in-

troduced into the peripheral nervous system , either directing se-

cretion from  prim ary afferent cells (B ras et al., 1998), or

directing local secretion from  cells surrounding nociceptive

nerve endings. b -Endorphin is effective against pain in m odels

of knee inflam m ation and arthritis (S luka and W estlund, 1993;

M artinez et al., 1996) and thus intraarticular injection of Ad-

b -endorphin, like intraarticular m orphine (S tein et al., 1991),

m ay be a therapeutically useful synovial-paracrine approach to

gene therapy for arthritis (Jorgensen and Gay, 1998) analogous

to the present m eningeal-paracrine approach.

A  surprising finding from  these experim ents on viral deliv-

ery  of b -endorphin concerns the specificity of action toward

different types of pain. M orphine alters baseline therm al sen-

sation at the sam e doses that affect inflam m ation-induced hy-

peralgesia (H o et al., 1997; Hargreaves et al., 1988), i.e., in

rats, m orphine is analgesic. In  contrast, the reduction in hyper-

algesia observed with Ad- b -endorphin was not accom panied by

changes in baseline nociception, m easured in the contralateral

paw. O ther opiate agonists such as brem azocine and GR89,696

also share this selectivity (H o et al., 1997), suggesting that the

virally delivered peptide was acting at a sim ilar opioid-sensi-

tive site specifically related to  hyperalgesia. B inding and func-

tional data indicate that b -endorphin, brem azocine, and

GR89,696 all recognize a non- m , non- d , non- k 1 site in  the spinal

cord, term ed k 2 (H o et al., 1997) or e (N ock et al., 1993). k 2 / e
sites exist in the spinal cords of a w ide variety of species in-

cluding hum ans (C audle et al., 1998), suggesting that the anti-

hyperalgesic-specific effects of b -endorphin observed in this

study m ay predict efficacy in chronic pain syndrom es in hu-

m ans.

The sim plicity of this m eningeal-paracrine gene therapy ap-

proach, rapidity of expression, ease of application, and appar-

ent lack of side effects offer the possibility of a m ore general

clinical utilization, especially in spinal cord injury or neurode-

generative diseases. Substitution of the b -endorphin sequence

for growth factor genes (B arkats et al., 1998; Tuszynski et al.,

1998) provides a m eans of supplying crucial factors to  the spinal

cord for increasing m otor neuron survival in  diseases such as

spinal m uscular atrophy or am yotrophic lateral sclerosis 

(Zurn et al., 1998), or fo llowing spinal injury. Our results

dem onstrate in  vivo delivery  of the neuropeptide b -endorphin

from  a nonneuronal target cell, which then attenuates persistent

pain behavior. This approach form s the basis for a novel ther-

apy for pain control, which can be extended to other neurobi-

ological disorders.
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